Abstract: Impairments of antioxidant enzyme expression are often concomitant with the onset of cancer. Due to epigenetic factors causing an inflammatory state the gastrointestinal tract can become exposed to reactive oxygen species. The purpose of our work was to evaluate mRNA and protein levels of superoxide dismutase isoenzymes in human colorectal adenocarcinoma due to its clinical advancement, and in colorectal cancer liver metastases. Evaluation of SOD expression in regard to CRC advancement, seems useful for clinical applications due to different tumor cells sensitivity to reactive oxygen species based treatment. Studies were conducted on a group of 27 patients: 15 diagnosed with colorectal adenocarcinoma and 12 diagnosed with colorectal cancer liver metastases. The mRNA level was determined by RT-PCR, and protein level by Western blotting. We observed significant (P≤0.05) changes of mRNA and protein level of SOD isoenzymes in subsequent stages of colorectal adenocarcinoma advancement and in colorectal cancer liver metastases. Differences in mRNA and protein level of SOD isoenzymes in colorectal adenocarcinoma and its liver metastases indicates that SOD participate in adaptation of tumor cells to oxidative stress, and maintain certain level of ROS, necessary for appropriate cell proliferation. Expression of superoxide dismutase isoenzymes seems to be regulated not only at transcriptional level, but also posttranscriptional.
Introduction
Colorectal cancer (CRC) is the second most common cancer in developed countries [1, 2] and has one of the highest levels of malignant cancer related mortality. The molecular basis for CRC includes accumulation of various mutations and genetic alterations in normal cells. There are three pathways of mutation events leading to CRC: the Chromosomal Instability, the Microsatellite Instability, and the Methylator pathway [3] [4] [5] . Cancerous phenotypes must develop conditions permissive to mutations allowing for the progression of cancer. This process of genomic instability ensures that subsequent mutations occur at progressively greater chance [6] . The reasons for genetic instability might be congenital (i.e. Lynch syndrome) or epigenetic. Numerous epigenetic factors such as chemical compounds, bacteria, viruses, parasites, food antigens threaten the digestive tract [7] [8] [9] [10] .
Exposition of the digestive tract to epigenetic factors can lead to an inflammatory state. Inflammation is often accompanied by oxidative stress and, consequently, by generation of large amounts of reactive oxygen species (ROS). In general, phagocytosing neutrophils activated by inflammation produce toxic amounts of ROS, which act as bactericidal and cytotoxic agents. ROS, particularly hydroxyl radical -HO * , are known to be DNA damaging agents. Hydroxyl radicals modify pyrimidines mainly in position C5 and C6 and purines in positions C4, C5 and C8 [11, 12] . Oxidation of deoxyribose leads to single and double breaks in DNA chain. Modified products of nitrogen bases oxidation (8-hydroxyguanine, 8-hydroxyadenine, thymine glycol) act as mutagens, causing base pair substitutions (mainly transversions G-C and A-T) and frameshifts [13] . Repeatable cycles of DNA damage and repair can lead to the onset and accumulation of mutations. In time, it could cause dysplasia, which by acquiring further mutations could transform into invasive cancer. ROS are therefore important factors that might strongly contribute to increase genetic instability of cells.
Superoxide dismutase (SOD) protects and preserves cells against oxidative stress and damage caused by ROS. SOD is the key enzyme that eliminates ROS by scavenging O 2 -from precursor of all ROS. Human cells have three isoforms of SOD including cytosolic (CuZnSOD; SOD1), mitochondrial (MnSOD; SOD2) and extracellular (EC-SOD; SOD3) [14, 15] . The unique function of SOD in detoxification of ROS suggests that this enzyme participates in initiation and progression of cancer. Initial studies on the role of SOD in cancer suggested that in numerous types of tumors, SOD1 activity was unchanged or more often decreased, and SOD2 had decreased activity or was not present [16] . This work also pointed out the role of superoxide anion in induction of cancer. Damage done by increased amounts of O 2 -resulting from loss of SOD activity or from altered O 2 -generation rate leads to appearance of cancerous phenotype in cells. Therefore, the rise of superoxide anion level has greater significance for cancer development, than the loss or decrease of SOD activity [16] . Increased level of superoxide anion in tumor cells is one of the major features of tumor cell metabolism [17] . Many authors found increased activity of both SOD isoenzymes (SOD1 and SOD2) in tumors (particularly in adenocarcinoma type), however others confirmed low activity of SOD in tumors [18] [19] [20] [21] . Discrepancies might result from studies conducted in different stages of tumor clinical advancement. Another explanation is that superoxide anion might damage the active site of SOD lowering its activity [22] . It is therefore necessary to study the level of expression of SOD isoenzymes in regard to stage of tumor advancement and differentiation. Clinical value is another reason for assessment of SOD in different stages of tumor clinical advancement or differentiation. SOD might be useful as a tumor disease marker, reflecting changes of cancer cell redox state. Numerous anticancer drugs rely on generation of lethal amount of ROS in cancer cells. Since SOD is a key antioxidant enzyme, differences of its level might be responsible for sensitivity of cancer to anticancer drugs. Determination of SOD level in the particular stage of cancer development could support estimation of exact dose and moment of anticancer drugs application.
In this paper we determine the expression of SOD isoenzymes in human CRC and in colorectal cancer liver metastases. We evaluated mRNA and protein level of SOD isoenzymes (SOD1, SOD2) in subsequent stages of human colorectal adenocarcinoma clinical advancement (Union Internationale Contra le Cancer, UICC), including its liver metastases.
Experimental Procedures

Samples
Tumor specimens were obtained from 27 
Samples preparation
Directly after surgery, tissue specimens were washed in 0.9% NaCl and stored frozen at -70°C to -80°C. Tissues were cut to100 mg and homogenized in 1 ml of TRI reagent. Chloroform (0.2 ml) was added to each sample and RNA precipitated by isopropanol followed by freezing at -70°C for 24 h. The pellet was washed with 75% ethanol and dissolved in H 2 O containing diethyl pyrocarbonate (DEPC). Protein was precipitated from the organic phase by isopropanol, and then washed 3 times with 0.3 M guanidine chloride and once with ethanol. The pellet was vacuum dried and then dissolved in 1% SDS in water. RNA and protein extracts were used to determine SOD1 and SOD2 mRNA and protein level.
Biochemical analysis
Determination of superoxide dismutase mRNA level
For, reverse transcription the mixture containing 1 μg of DNaseI-treated RNA and 0.25 mM of oligo(dT)15 primer (Sigma-Proligo) was preheated at 70°C for 5 min to denature secondary structures and then chilled on ice. RNA was reverse transcribed in a 20 μl reaction m ixture containing 0.2 mM dNTPs, 1 mM DTT, 2 U/ml RNase inhibitor and 10 U/ml M-MLV reverse transcriptase (Fermentas). The mixture was incubated at 42°C for 60 min and then heated at 70°C for 10 min.
Fragments of SOD1 and SOD2 genes were amplified using PCR. Primers for SOD1 were 5'CCTAGCGAGTTATGGCGACG 3' (sense) and 5'CAACATGCCTCTCTTCATCC 3' (antisense) and for SOD2 were 5'AACCTCACATCAACGCGCAG 3' (sense) and 5'CCAACAGATGCAGCCGTCAG 3' (antisense). Primers were designed to be a single, base paired band, without hairpins, and span an exonexon boundaries. Product sizes were 258 bp for SOD1, and 307 bp for SOD2. The reaction mixture contained: 1.0 mM MgCl 2 , 1 mM primer pairs, 0.2 mM dNTPs, 1 U/ml Taq DNA polymerase.
The PCR cycle consisted of initial denaturation: 94°C for 3 min, and 30 cycles of denaturing: 94°C for 1 min, annealing 54.2°C for SOD1, 56.4°C for SOD2, and 55°C for b-2 microglobulin, all for 1 min and extension: 72°C for 2 min. At the end of the 30 cycles, reactions were heated 72°C for 4 min, and cooled to 4°C. Reaction was conducted in MJ RESEARCH thermocycler (PCT 200 DNA ENGINE).
The level of mRNA was measured densitometrically using UVI -KS 4000 I camera and programs ScionImage and ZERO -DSCAN (Syngen Biotech). Optical density (OD) values (measured in UV light) of SOD1 and SOD2 mRNA were compared with OD of b-2 microglobulin mRNA yielding semi quantitative units of SOD1 and SOD2 mRNA level (Figure 1 ).
Determination of superoxide dismutase protein level
Protein levels of SOD1 and SOD2 were determined using Western blotting technique. Immunoelectrophoretic determination of SOD isoenzymes was performed by separation of the samples prepared according to Lowry method [23] on a 14% polyacrylamide gel containing 0.1% SDS. This was followed by semi-dry electrotransfer on PVDF membrane. To block non-specific binding, the PVDF membrane was preincubated with TTBS buffer (Tris buffered saline, pH 7.6, containing 0.05% Tween-20 and 10% nonfat milk) for 1 h. The membrane was then incubated with antibodies anti-SOD1 or anti-SOD2 for 1.5 h in RT. After incubation, the membrane was washed with TTBS buffer and then incubated with secondary antibodies conjugated with horseradish peroxidase. The bound antibodies were detected by chemiluminescence by means of a ECL kit (Amersham Life Sciences).
Proteins were measured densitometrically and expressed as optical density values (OD-in visible light) referred to relative density of protein band. Measurement of optical density were taken with a UVI -KS 4000 I camera and data analysed using Scion -Image and ZERO -DSCAN (Syngen Biotech).
Policlonal antibodies anti-SOD1 and anti-SOD2 were purchased from Calbiochem, and diluted 1:2000 or 1:500 respectively. The presence of SOD1 in examined biological material was confirmed with use of protein standards of purified SOD1 enzyme from human erytrocytes. Presence of SOD2 protein was confirmed on the basis of known subunit (Figure 2 ). To confirm equal load of proteins on gel, after removal of antibodies by striping in reducing buffer, the PVDF membrane was incubated again with antibodies against actin (Santa Cruz).
Statistical analysis
Statistical analysis was conducted using Statistica 6.0 program. Student`s t test, Wilcoxon test, and ANOVA/ MANOVA were applied for comparison of variables. Differences were considered significant, if the p value was smaller than or equal to 0.05 (P≤0.05). SOD isoenzymes mRNA and protein level, were presented as mean values and standard deviations (x ± SD). Amount of protein was expressed in optical density values (OD), and level of mRNA as semi quantitative ratio of SOD`s and b-2 microglobulin optical densities.
Results
Determination of SOD isoenzymes expression in colorectal cancer (CRC) and colorectal cancer liver metastases (CRCLM)
The mRNA level of SOD1 in CRC and CRCLM did not differ significantly from the control. SOD2 mRNA level was significantly lower in CRCLM than in CRC and control tissue. There were no significant differences in protein level of SOD1 in CRC and the control, however SOD2 protein level was significantly lower in CRCLM than CRC and the control (Figure 3 and 4) .
SOD isoenzymes expression in relation to UICC stages of CRC clinical advancement
Classifiers of clinical advancement, known as the UICC system based on TNM division are sensitive for detecting differences in CRC. We evaluated SOD`s mRNA and protein level using ANOVA/MANOVA. This test allows for analysis of data patterns with a single quality predictor, which here is defined as the UICC stage of CRC advancement. Differences between the control and the UICC stages of CRC and differences between each stage were significant (P≤0.05). We compared stage II with control, stage III with stage II, and stage IV with stage III, since they are subsequent events in CRC development. Changes of mRNA level of both SOD isoenzymes were similar. In stage II, III and IV of UICC, mRNA level was lower than the control. In stage III mRNA level was increased, reaching the highest level.
Protein level of SOD1 and SOD2 was increased in stage II, in stage III protein level of both SOD isoenzymes was decreased and the lowest. In stage IV protein level of SOD1 was almost unchanged comparing with stage III, and SOD2 protein level was increased comparing to stage III and control ( Figure 5 ).
Discussion
The expression of SOD genes is affected by numerous factors. The most important are cytokines, mitogenes, growth factors, lipopolisacharides, phorbol esters, nitrogen oxide, radiation (UV and ionizing), some drugs and toxins. All of those factors cause generation of ROS and their derivatives.
In physiological conditions, SOD is synthesised at constant level. In oxidative stress, expression of SOD increase. SOD synthesis is mainly regulated at the transcription level. In promoter regions of both SOD1 and SOD2 are sequences binding AP-1 and NF-kB transcription factors. They are ROS sensitive proteins, activated in oxidative stress conditions, able to modify SOD genes transcription level in different ways [9, 15, 24] .
In our study we found only small differences of mRNA and protein level of SOD izoenzymes between control tissue and CRC. It might indicate minor participation of superoxide dismutase in CRC development, however colon is weakly endowed with antioxidant system enzymes (including SOD), and it is possible that even small changes in SOD`s expression might cause imbalance between removal and generation of ROS [25] .
Significantly decreased expression of SOD2 in colorectal cancer liver metastases indicates greater leakage of superoxide anion from mitochondria, due to impaired capability of O 2 -scavenging by mitochondrial antioxidant system. This might cause DNA damage (mtDNA is yet more prone to oxidative damage), leading to increased genetic instability of tumor cells. To achieve metastatic potential, tumor cells must be subjected to numerous changes in their phenotype via accumulation of specific mutations [26] .
Evaluation of SOD isoenzyme expression at each stage of CRC clinical advancement (UICC) showed significant changes of their mRNA and protein level. The highest protein level of SOD1 and SOD2 observed in UICC stage II, when cancer penetrates the colon wall and begins to invade neighboring tissues, indicates defensive action of immunological system. Cytokines generated by activated lymphocytes induce synthesis of SOD proteins [27, 28] . It seems that increased protein level of SOD1 and SOD2 provides effective protection against oxidative Western Blotting respectively in tissue specimens from patients with colorectal cancer (CRC) and colorectal cancer metachronous liver metastases (CRCLM). There were 15 CRC and 12 CRCLM, 15 normal colons adjacent to cancer were used as control tissues. SD -standard deviation, SE -standard error, * -significant versus control (P<0.05), ** -significant versus CRC (P<0.05).
stress caused by inflammation. Our results indicate adaptation of tumor cells to oxidative stress conditions. Decreased protein level of SOD isoenzymes in stage III, when cancer invades lymph nodes, indicates weakened oxidative defense of tumor cells, leading to more oxidizing environment and in turn to higher rate of mutations. This allows for changes of tumor cells phenotype necessary to pass into further stages of CRC clinical advancement.
In stage IV of UICC, protein level of SOD2 raises distinctly, however level of SOD1 remains almost unchanged. It seems, that tumor cells attempt to limit ROS level in mitochondria to avoid apoptosis, but still maintain the oxidizing environment in the cytoplasm necessary for genetic instability. Furthermore high level of SOD2 provides increased concentration of hydrogen peroxide. It is well known that H 2 O 2 stimulates cell proliferation, and metastases. Hindered apoptosis and continuous proliferation are characteristic features of tumor cells [17] . Our data have been supported by research of Skrzydlewska et al. [29] They found increased activity of SOD1 in all UICC stages of CRC. Although, they studied only SOD1 activity, and there are some discrepancies, because in our study in some stages protein level of SOD1 is below the control value, and the tumor cells adapted to oxidative stress [29] .
The final stage of malignant cancer are distant metastases. In our study we included group of patients with metachronous colorectal cancer metastases to liver, and excluded patients with synchronous metastases (with both primary cancer and metastases) because they are targets of chemotherapy, which could disturb antioxidant system. In case of metachronous metastases the time between onset of primary cancer and appearance of metastases is long enough (few years) to withdraw effects of chemotherapy.
In CRCLM, changes in protein level for SOD isoenzymes indicates adaptation to the liver environment. While colonizing other tissue, tumor cells are exposed to metabolites that could penetrate to their cytoplasm. Liver cells produce large amounts of ROS due to their detoxification function (cytochrome P450 complex). Therefore tumor cells that settled in the liver must protect their cytoplasm against increased amount of ROS, what is confirmed by increased protein level of SOD1 found in CRCLM.
Considering mRNA levels of SOD isoenzymes in UICC stages of CRC clinical advancement, important patients. To analyze differences of variables between subsequent UICC stages single factor ANOVA test was applied. Number of stage was used as an ANOVA prediction factor. All differences between control, II, III and IV stage of UICC were found significant (P≤0.05). C -control, CRC II -IV -stages of UICC.
conclusion arises that SOD mRNA has an inverse relationship with SODs protein level. One explanation of such discrepancy is regulation of SOD isoenzymes synthesis is at a posttranscriptional level. Similar results were found by Nishimura et al. [30] for SOD expression under oxidative stress. They suggested that increase of mRNA level indicates posttranscriptional down regulation of SOD2 (reduction in protein level) and activation of SOD2 gene transcription by the increased ROS. They also found that SOD1 mRNA expression was transiently suppressed [30] . Other authors also found various discrepancies between mRNA and protein level of SOD isoenzymes. They postulated that this difference depends on changes in the redox state of the cell in conditions like hypoxia, anoxia, and oxidative stress caused by cytokines [31] [32] [33] [34] .
The mechanisms of posttranscriptional regulation of SOD genes are poorly investigated. Recently Santillo et al. [35] provided evidence for posttranscriptional regulation of SOD2 protein level by Ki-Ras, a signaling protein involved in regulation of cell growth, differentiation, and stress response. Protein level of SOD2 seems to be regulated by concentration of O 2 -that stimulates Ki-Ras mediated signaling, and then Ki-Ras at the ERK 1/2 dependent pathway increases protein levels of SOD2 [35] .
SOD genes expression seems to be controlled on at least two levels: transcriptional and posttranscriptional, and cellular signals activating each of those levels seems to be different, depending on endogenous cell conditions. SOD isoenzymes participate in maintenance of the balance between production and generation of ROS in tumor cells, and might be one of the key factors deciding of death or survival of tumor cells population.
Determination of only activity and protein level of SOD might not be sufficient to fully evaluate adaptation potential of tumor cells against oxidative stress. High level of mRNA might act as some kind of hidden reserve able to produce additional amounts of SOD in response to oxidative stress stimuli, whereas low level of SOD mRNA might be a reaction of cells to increased amounts of hydrogen peroxide, due to its proapoptotic action in high concentrations [17, 36] .
It is important for clinical and therapeutic reasons to precisely evaluate the ability of tumor cells to defend against oxidative stress, because many antitumor treatments rely on generation of ROS in cancer cells. Some studies showed that overexpression of SOD2 in human melanoma A375 and human histiocytic lymphoma U937 cell lines increased their resistance to doxorubicin [37] . However data from other studies point to SOD2 potential as an antitumor agent. Transfection of SOD2 into mouse C3H10T1/2 cells reduced the incidence of neoplastic transformation after gamma irradiation. Overexpression of SOD2 inhibits growth and proliferation of cancer cells [38, 39] . Therefore, the future of antitumor genomic therapy could rely on direct transfection of cancer cells with SOD2 gene, however the level of SOD2 must be well-matched to achieve its tumor suppressive and not tumor promoting effect.
Another therapeutic approach is to provide cancer cells with such an amount of active enzyme (SOD1 or SOD2) that increase concentration of hydrogen peroxide to a level leading to apoptosis of cancer cells. Enzyme could be packed into a liposomes and introduced to blood circulation, which than be absorbed by cells. Normal cells have low levels of ROS, therefore they will be able to survive increased generation of H 2 O 2 , but cancer cells have already increased level of ROS, and its further increase will lead to their apoptosis [17, 36, 40, 41] .
SOD activity in cancer cells could also be decreased by specific inhibitors (2-methoxy estradiol) to increase their sensitivity to ROS based therapy. If such inhibitor is applied and cancer cells are directly treated with ROS increasing agent (i.e. exposure to laser radiation -photodynamic therapy), their viability is significantly decreased [42] .
Our study revealed that tumor cells adjust to oxidative stress via increased protein level of SOD isoenzymes. However, in some stages of cancer progression, tumor cells maintain a certain level of ROS, which is necessary for tumor cells permanent proliferation, and have important roles in generating environmental conditions conducive to causing genetic instability. It seems that synthesis of SOD isoenzymes is very precisely regulated, not only at a transcriptional level, but also at a level that is posttranscriptional. This aspect of SOD expression needs further investigations.
